Platelet-derived growth factor receptor (PDGFR) signaling pathway was involved in the progress of colorectal cancer (CRC). By using the bioinformatic system online, we found that PDGFRα is a potential target of miR-219-5p. However, the expression pattern and underlying mechanisms of miR-219-5p had not been elucidated in CRC. Herein, we first evaluated the expression of miR-219-5p in tumor tissues by real-time polymerase chain reaction. Next, we confirmed that PDGFRα is the target of miR-219-5p by using luciferase report. And then, we investigated the biological functions of miR-219-5p in vitro in cell proliferation and apoptosis as well as cell cycle by gain and loss of function strategies. Data shown that miR-219-5p is down-regulated in CRC tissues compared with the corresponding matched normal tissues. PDGFRα was a direct target of miR-219-5p. Overexpression of miR-219-5p could inhibit cell proliferation, promote cell apoptosis and induce cell cycle arrest at the G1 phase. Furthermore, miR-219-5p suppressed the activation of the phosphatidylinositol 3-kinase/Akt signaling pathway and downregulated G1 cell-cycle-related protein cyclin D1, cyclin-dependent kinase (CDK) 4, and CDK6. Taken together, our results demonstrate that miR-219-5p functions as a tumor suppressor partially by targeting PDGFRα in colorectal cancer.
Colorectal cancer (CRC) is the third most common cancer [1] and one of the major causes of cancer mortality worldwide [2] . Over the past several decades, studies have revealed a multi-step process involved in the pathogenesis of this malignancy that includes both genetic and epigenetic changes [3, 4] . Despite a number of molecular events have been identified, such as the p53, Wnt/β-catenin, EGFR (epidermal growth factor receptor)-MAPK(mitogen-activated protein kinase), PI3K (phosphatidylinositol 3-kinase), nuclear factor-kappa B, and activator protein 1 (AP-1) pathways [3] [4] [5] , the search for novel molecules that can be used as predictive, prognostic, and therapeutic targets of CRC remains a major issue.
MicroRNAs (miRNAs) are a large conserved class of short non-coding RNAs (20-24 nucleotides) that regulate gene expression mainly via complete or partial matching to target genes at the 3' untranslated region (UTR), causing suppression of protein translation or messenger RNA (mRNA) degradation [6] [7] [8] . Emerging evidence has shown that miRNAs play important roles in diverse cellular processes including cell proliferation, differentiation, and apoptosis [9] . Furthermore, studies have demonstrated that dysregulation of miRNAs is associated with human diseases, including various types of cancer [10] . miRNAs can serve as oncogenes or tumor suppressors in regulating angiogenesis, tumorigenicity, invasion, and metastasis [11] [12] [13] . Therefore, the dysregulation of certain miRNAs in primary tumor tissue or serum can act as predictive and prognostic biomarkers for cancer [10, 14] . Moreover, miRNAs, along with their target genes, can also serve as therapeutic targets [15] .
The PDGF receptor (PDGFR) signaling pathway is involved in the progression of cancer [16, 17] and can be activated through the autocrine system to promote cell proliferation and survival, improve migration and invasion abilities, and stimulate angiogenesis in cancer [16] [17] [18] . Recent research revealed that PDGFR was upregulated in CRC and correlated with advanced tumor stage and lymph node metastasis [19] . Moreover, high PDGFRβ tumor stromal expression was mainly responsible for tumor metastasis [20] , and PDGFRα co-expression with VEGFR significantly linked to Kras codon 12 or 13 mutations in CRC [21] . Furthermore, blockade of PDGFR signaling pathways in tumor-associated stromal cells and pericytes could inhibit the progressive growth and metastasis of colon cancer cells [22] . Therefore, hampering this cell signal transduction pathway in CRC has proven to be an effective and feasible therapeutic strategy [23] [24] [25] . However, there are few reports that have examined miRNAs and PDGFR in CRC. Using online bioinformatic system (DIANA LAB, Pic-Tar, miRDB, Targetscan and miRanda, ect.), we found that PDGFRα was a potential target of miR-219-5p. Our findings primarily unveil the role of miR-219-5p in CRC and clarify the relationship between miR-219-5p and PDGFRα.
Material and methods
Patients and tissue samples. Twenty-five pairs of primary CRC and corresponding non-tumor adjacent tissue (>5cm away from the tumor tissue) samples from patients were obtained from PUMCH (Peking Union Medical College Hospital, Beijing, China) with patients' informed consent in 2012. The study was approved by PUMCH Research Ethics Committee.
Cell culture and reagents. Human CRC cell line HCT116 was cultured in IMDM medium (Hyclone, Thermo Fisher Scientific Inc.,Waltham, MA) supplemented with 10% fetal bovine serum (Hyclone), 100 IU/mL penicillin, and 100 μg/mL streptomycin in humidified 5% CO2 at 37 °C. The miR-219-5p mimics (5'-UGAUUGUCCAAACGCAA-UUCU-3', 5'-AAUUGCGUUUGGACAAUGAUU-3'), negative control (5'-UUCUCCGAACGUGUCACGUTT-3', 5'-ACGUGACACGUUCGGAGAATT-3'), miR-219-5p inhibitor (5'-AGAAUUGCGUUUGGACAAUCA-3'), and inhibitor control (5'-CAGUACUUUUGUGUAGUACAA-3') were purchased from Invitrogen (Carlsbad, CA, USA).
Cell transfection. Transfection was performed with Lipofectamine 2000 Reagent (Invitrogen) according to the manufacturer's instructions. A final concentration of 100 nM of mimics and 150 nM of inhibitor and their respective negative controls were used for each transfection. RNA and proteins were harvested at 48 or 72 h after transfection.
RNA extraction and quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR). Total RNA was extracted from tissues and cell pellets using Trizol reagent (Invitrogen), according to the manufacturer's instructions. For miR-219-5p expression, synthesis of complementary DNA and real-time PCR were performed using the TaqMan MicroRNA Reverse Transcription Kit and the TaqMan MicroRNA Assay kit (Applied Biosystems) according to the standard TaqMan MicroRNA Assay protocol. Levels of U6 RNA (RNU6B; Applied Biosystems) were determined and used as an endogenous control.
For PDGFRα quantitative assay, total RNA was reverse transcribed using the reverse transcription kit (Promega, Cell proliferation assay. Cell proliferation was determined using a cell count kit (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. Briefly, cells were seeded into six-well plates at 5 × 10 5 cells/ well and transfected with miR-219-5p mimics, miR-219-5p inhibitor, or negative control the next day. After 24 h, cells were trypsinized and reseeded in 96-well plates (1 × 10 3 cells/ well). CCK-8 assay was performed at 0, 24, 48, 72, and 96 h. The absorbance of each well was measured with a microplate reader (Wellscan MK3, Thermo/Labsystems, Finland) set at sub 450-630 nm.
Cell apoptosis assay. The cell apoptosis ratio was evaluated using the Annexin V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, China). At 72 h after transfection, cells were harvested and resuspended in binding buffer containing Annexin V-FITC and propidium iodide (PI) according to the manufacturer's instructions. Cells were evaluated as viable cells, necrotic cells, and apoptotic cells using a FACSARIA flow cytometer (Becton Dickenson, San Jose, CA, USA).
Cell cycle analysis. For cell-cycle analysis, 48 h after transfection, the cells were harvested and fixed in 70% ethanol overnight and stained with PI (BD Pharmingen, San Jose, CA, USA) according to the manufacturer's instructions. The stained cells were sorted by FACSCan (BD Biosciences, Franklin Lakes, NJ, USA) 30 min after staining.
Western blot. Total protein was extracted and protein concentrations were measured by the BCA protein assay kit (Beyotime). Western blot analysis was performed according to standard procedures. Protein samples were separated on 8% or 10% Tris-polyacrylamide gel by electrophoresis and blotted onto polyvinylidenefluoride membranes (PVDF; Millipore, Billerica, MA, USA). The membranes were immunoblotted overnight at 4 °C with primary antibodies as follows: rabbit monoclonal antibodies against human PDGFRα (#5241S), AKT (#4685), p-AKT (#4060), GSK-3β (#12456S), p-GSK-3β (#5558S), Bad (#9268), p-Bad (#5284S), CDK6 (#13331S), and β-actin (#4970) and mouse monoclonal antibodies against human caspase-9 (#9508S), CDK4 (#2906S) and cyclin D1 (#2926S) (1:1000 dilution; Cell Signaling Technology, USA). The horseradish peroxidase-conjugated goat IgG (1:3000 dilution; Beyotime) secondary antibody was incubated with the membrane for 1 h after three washes with TBST. Protein bands were visualized with an enhanced chemiluminescence system (Millipore).
Dual-luciferase reporter assay. For luciferase reporter experiments, the wild-type or mutant PDGFRα target sequence was cloned into the pmiR-RB-Report™ luciferase reporter plasmid (RiboBio Co. Ltd., China) to generate pmiR-PDGFRα-wt and pmiR-PDGFRα-mut, respectively. HCT116 cells were plated into 24-well plates at 50-60% confluence 24 h before transfection. A mixture of miR-219-5p mimics or negative control and pmiR-PDGFRα-wt or pmiR-PDGFRαmut was co-transfected into cells using Lipofectamine 2000 reagent. After 48 h, cells were harvested and assayed with the Dual Luciferase Reporter Assay System (Promega, USA) according to the manufacturer's instructions.
Statistical analysis. All experiments were performed in triplicate. The experimental results are presented as the mean ± standard deviation (SD) and compared by the Student's t test or the Mann-Whitney U test. All statistical analyses were performed with SPSS 13.0 (SPSS Inc., Chicago, IL), and a value of P < 0.05 was considered to indicate statistical significance.
Results
Expression of miR-219-5p in CRC. We assessed the expression of miR-219-5p in 25 pairs of matched human CRC tissue and normal epithelial tissue specimens using miRNA TaqMan real-time PCR. As shown in Fig. 1 , miR-219-5p expressed at a lower level in tumor sample compared with the corresponding matched normal tissue (p<0.001). We then investigated the biological functions of miR-219-5p in HCT116 cells by gain or loss of function in vitro.
MiR-219-5p inhibits CRC cells proliferation in vitro.
To characterize the functional role of miR-219-5p in CRC tumorigenesis, we first examined the effect of miR-219-5p on HCT116 cell proliferation using CCK8 assay. Overexpression of miR-219-5p significantly inhibited the proliferation of cells, whereas miR-219-5p inhibitor promoted the proliferation of HCT116 cells ( Fig. 2A) .
MiR-219-5p promoted CRC cells apoptosis in vitro. We next evaluated the effects of miR-219-5p on apoptosis. At 72 h after transfection, the total levels of apoptotic cells in the miR-219-5p mimic-transfected group were significantly increased compared with cells transfected with the negative control (P < 0.05). The percentage of apoptotic cells in the miR-219-5p inhibitor-transfected group was lower than the inhibitor control group (P < 0.05) (Fig. 2B) .
MiR-219-5p induced G1 cell cycle arrest in CRC cells. To assess the mechanism of the anti-proliferative effect of miR-219-5p in HCT116 cells, we examined whether growth inhibition was associated with specific effects on cell-cycle progression. Flow cytometric analysis showed that the number of cells in the G1 phase was greater in the miR-219-5p mimic group than in the negative control group (P < 0.01), and the number of cells in the S phase in the miR-219-5p mimic group was sharply reduced compared with controls (P < 0.01). In contrast, compared with the inhibitor control, HCT116 cells transfected with miR-219-5p inhibitor showed a decrease in the number of cells in the G1 phase (P < 0.01) and an increase in the number of cells in the S phase (P < 0.01) ( Fig. 3) .
PDGFRα was a direct target of miR-219-5p. The publicly available programs DIANA LAB (http://diana.cslab.ece.ntua. gr), miRanda (http://www.microrna.org) TargetScan (http:// www.targetscan.org) and PicTar (http://pictar.mdc-berlin.de/ cgi-bin/PicTar_vertebrate.cgi) have been indicated miR-219-5p potential targets PDGFRα (Fig. 4A) . We then performed a luciferase reporter assay to verify whether PDGFRα was a direct target of miR-219-5p. Co-transfection of miR-219-5p mimics and a luciferase reporter vector harboring wild-type PDGFRα (pmiR-PDGFRα-wt) resulted in significantly decreased luciferase activity in HCT116 cells compared with co-transfection with the respective control (P < 0.05). Notably, miR-219-5p mimics had no effect on the luciferase activity of the pmiR-PDGFRα-mut construct containing the mutated putative miR-219-5p binding sequence in the 3'-UTR of PDGFRα mRNA (Fig. 4B) . These data suggest that PDGFRα is one of the direct targets of miR-219-5p.
To further confirm PDGFRα as a downstream target of miR-219-5p, we examined PDGFRα mRNA and protein levels in HCT116 cells transfected with miR-219-5p mimics or negative control by RT-PCR and western blot. Transfection with 100 pmol of miR-219-5p mimics in HCT116 cells led to a sharp increase in miR-219-5p expression as detected by RT-PCR compared with negative controls (P < 0.001) (Fig.  4C ). Furthermore, the increased endogenous miR-219-5p levels were associated with significantly decreased endogenous PDGFRα mRNA and protein expression ( Fig. 4D, E) . In contrast, transfection with 150 pmol of miR-219-5p inhibitor showed a decrease of miR-219-5p expression and an increase PDGFRα mRNA and protein expression (P < 0.05) compared with the inhibitor control (Fig. 4D, E) .These data suggest that PDGFRα is a direct target of miR-219-5p.
Overexpression of miR-219-5p reduced the activation of PI3 Kinase pathway. Next, we investigated the molecular mechanisms responsible for the anti-tumor effects of miR-219-5p in HCT116 cells observed above. Overexpression of miR-219-5p led to decreased activation levels of the PI3K pathway as assayed by the decreased phosphorylation of Ser473 of Akt, without any change in the levels of total Akt. Furthermore, the anti-proliferation and increased apoptosis effects of miR-219-5p in HCT116 cells was also associated with downregulation of the levels of p-GSK-3β and p-Bad, and upregulation of the level of cleaved caspase-9 (Fig. 5A) . We further analyzed the predicted G1 cell cycle related proteins, cyclinD1, CDK4 and CDK6. As shown in Fig. 4B , upon overexpression of miR-219-5p, cyclin D1, CDK4, and CDK6 protein levels were markedly reduced (Fig. 5B ).
Discussion
The identification of cancer-specific miRNAs and their targets was critical for understanding their role in tumorigenesis. There has been an increasing accumulation of literature reporting the deregulation of miRNAs in CRC over the past a few years. Several studies have also suggested the importance of miRNAs expression profiling in CRC in their utility as diagnostic and prognostic signatures [15] . In present study, we first demonstrated that miR-219-5p expression was significantly decreased in colorectal cancer tissues when compared with the corresponding matched normal tissues. We found that miR-219-5p inhibited cell proliferation, promoted cell apoptosis and induced cell cycle arrest at the G1 phase in HCT116 cells. We also revealed that miR-219-5p decreased the activation levels p-Akt and p-GSK-3β to inhibit cell growth, and downregulated the expression of p-Bad and upregulated the cleave Caspase-9 to promote cell apoptosis. The expression of G1 cell cycle related protein CyclinD1, CDK4 and CDK6 were also reduced markedly. Therefore, miR-219-5p may act as a tumor suppressor in CRC.
MiR-219-5p was downregulated in several solid tumors, such as hepatocellular carcinoma, glioblastoma and papillary thyroid carcinoma [26] [27] [28] . Several biological targets of miR-219-5p have also been identified recently. For example, miR-219-5p was found to inhibit hepatocellular carcinoma cell proliferation by targeting glypican-3 [26] . In glioblastoma, miR-219-5p targeted EGFR to regulate the receptor tyrosine kinase pathway [27] . In papillary thyroid carcinoma, miR-219-5p suppressed cell proliferation and migration, and promoted apoptosis by directly decreasing estrogen receptor α [28] . Besides, miR-219-1-3p and miR-219-2-3p functioned as tumor suppressor in pancreatic cancer and gastric cancer [29] [30] . And the polymorphisms of miR-219-1 in rs213210 associated with a significantly worse survival and increased risk of relapse in CRC [31] . Here, we reported that miR-219-5p was significantly decreased and directly targeted PDGFRα, indicating that miR-219-5p may mediate its effects by negative regulating PDGFRα in CRC.
PDGFRα was involving in the progression of cancer [16] and upregulated in CRC [32] . Welher et al. reported that PDGFRα was overexpressed in 83% of CRC specimens and significantly correlated with lymph node metastasis and advanced UICC stages III/IV in older patients [19] . Zhu et al. revealed that the 3-year overall and progression-free survival rates were significantly lower in patients with high PDGFRα expression than in those with low PDGFRα expression [33] . Blockade of PDGFRα diminished the cell proliferation and migration in CRC [34] [35] [36] . So, PDGFRα played an important role in CRC tumorigenesis.
However, modulation the expression of PDGFRα by miR-NAs has previously been reported. PDGFRα was identified as a key regulator of the miRNA-mediated network of oncogenic pathways in glioblastoma [37, 38] . MiR-34a [39, 40] and miR-128 [41] directly targeted the 3'-UTR of PDGFRα and could function as tumor suppressors, with therapeutic potential for glioma. MiR-218-2 targeted PDGFRα to inhibit cell invasion, migration, and proliferation in thyroid cancer [42] . MiR-126 regulated PDGFRα expression on migratory behavior of human osteoblasts [43] . Moreover, PDGFRα was also a direct therapeutic target in 5%-8% gastrointestinal stromal tumors (GIST) [44, 45] .
We demonstrated that the blockade of the PDGFRα signal pathway by overexpression miR-219-5p led to decreased expression of p-Akt and changes in the levels of p-GSK-3β, p-Bad, cleaved caspase-9, and cyclin D1 in HCT116 cells. PDGFR was a component of the receptor tyrosine kinase (RTK) pathway, and its downstream signaling pathway was mainly PI3K/Akt as shown in the KEGG pathway database (http://www.genome.jp/kegg/pathway.html). Therefore, we chose to evaluate the expression levels of Akt, GSK-3β, Bad, and caspase-9 to analyze the molecular mechanism of miR-219-5p regulation of CRC cells (Fig. 4C ). In the Wnt/β-catenin signaling pathway, GSK-3β could destabilize β-catenin by phosphorylation and promoted its degradation, then repressed its recruitment to TCF/LEF complexes, thereby inhibited cell proliferation [46] . P-GSK-3β, which was the inactivated form of GSK-3β, was downregulated by miR-219-5p, leading to inhibition of cell proliferation. In the cell apoptosis pathway, p-Bad was the inactivate form of Bad [47] , while cleaved caspase-9 was the active form of caspase-9 [48] . After downregulation of p-Bad and upregulation of cleaved caspase-9 by miR-219-5p, Bad and cleaved caspase-9 could then induce cell apoptosis. CDK6 and CDK4 could communicate with CyclinD1 to enhance the G1 phase to enter S phase [42] , when their expression levels down-regulated by miR-219-5p, the cell cycle was arrested in G1 phase.
Thus, our results show that the anti-tumor effect of miR-219-5p in CRC was a result of reduced activation of the PI3K pathway (Fig. 5C ). Overexpression of miR-219-5p reduced the activation of PI3K/Akt pathway, suggesting that the down-regulation of miR-219-5p could be contributing to the increased activity of these pathways in CRC. However, PDGFRα, which was littler detected in colon cancer cells [35] , could activate other RTK pathways for expanding its effect when sensitized [17] . And our experiment didn't perform the exogenous PDGFRα rescue assay in miR-219-5p overexpressed cells to illustrate the specificity of miR-219-5p/ PDGFRα axis. Therefore, miR-219-5p could act as a tumor suppressor partially by targeting PDGFRα to decrease the activation of the receptor tyrosine kinase pathway.
In conclusion, our findings provide insights towards potential diagnostic and therapeutic applications for CRC involving modulation of miR-219-5p. Our results will help contribute to the development of new therapeutic strategies for CRC.
